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William Detmold, MIT

‘Multi-Hadron and Nonlocal Matrix Elements in Lattice QCD”, BNL, Feb 6 2014 |||' B Iassachsets
I l Technology



Seek new physics through quantum effects

Precise experiments
Sensrtivity to probe the rarest interactions of the SM
Look for effects where there i1s no SM contribution

Major focus of HEP experimental program over next decade
Dark matter direct detection
Neutrino physics
Charged lepton flavour violation

Proton decay, neutron-antineutron oscillations...




Search for DM in multiple ways

Look for astronomical signals of
annihilation

Try to produce 1t at particle
colliders

Direct detection: walit for DM
passing by to hit a nucleus

Detection rate/bounds depends on
Dark matter properties/dynamics

Probability for interaction with
nucleus: nuclear matrix elements

WIMP-nucleon cross section (cm2)
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Dark matter detection: nuclear recoils as signal
Nuclear matrix elements of exchange current

ule expt: search for charged lepton flavour
violation via u—e conversion In field of Al nucleus

Positive signals would be unambiguous

However need precise nuclear matrix elements
with fully quantified uncertainties to discern
underlying dynamics

Also relevant for experimental design and
backgrounds
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Neutrino oscillations and mass hierarchy
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Neutrino oscillations and mass hierarchy
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Long-baseline neutrino beams: further
constrain neutrino oscillation parameters
and determine mass hierarchy

Targets are nuclel (C, Fe, Si, Ar, Ge, Xe, Pb,
CHy, H20O, steel)

Neutrino oscillations and mass hierarchy
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Neutrino oscillations and mass hierarchy

Long-baseline neutrino beams: further
constrain neutrino oscillation parameters .
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and determine mass hierarchy - i,
[

Targets are nuclel (C, Fe, Si, Ar, Ge, Xe, Pb, .
CHy HhO, steel) N o S

normal hierarchy inverted hierarchy

Future LBNE/O/F requires knowing
energles/fluxes to high accuracy

Depends on nuclear axial & transition
form factors and neutrino-nucleus DIS




Long-baseline neutrino beams: further
constrain neutrino oscillation parameters
and determine mass hierarchy

Targets are nuclel (C, Fe, Si, Ar, Ge, Xe, Pb,
CHy, H2O, steel)

Future LBNE/O/F requires knowing
energles/fluxes to high accuracy

Depends on nuclear axial & transition
form factors and neutrino-nucleus DIS

Current knowledge produces
significant uncertainty in determination

of oscillation parameters
[INT workshop 201 3]
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v, CC spectrum at 1300 km, A m3 = 2.4e-03 eV ?
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OvRp decay

Certain nuclel allow observable 3
decay
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OvRp decay
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Ovpp decay
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Certain nuclel allow observable 3
decay

T1272ﬁ5 > 1019y T10/Vzﬂﬁ > 105 y

I neutrinos are massive Majorana
fermions OvP decay is possible

Half-life depends critically on the
nuclear matrix elements of two
weak currents!
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Large spread of calculations

s the spread representative of the true uncertainty!

Shell model

Interacting boson
model

Generator coordinate
method

QRPA



[Martinez-Pinedo et al,, Phys. Rev. C53,2602 (1996)]

* How well do we know nuclear matrix
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Matrix elements systematically off
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Definitive need for precision determinations of nuclear matrix
elements

Must be based on the Standard Model
Must have fully gquantified uncertainties
Timeframe and precision goals set by experiment
Current state is far from this
Nuclear physics is the new flavour physics!

Develop appropriate tools




We need to develop the tools for precision predictions

e
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Exploit effective degrees of freedom

Establish quantrtative control through
inkages between different methods ,
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QCD forms a foundation ==
determines few body
interactions & matrix = S Shell model,

L

elements T S coupled cluster;
= configuration-interaction

S

Match existing EFT and

many body techniques

onto QCD Exact many body:

GEMC, NCSM,
lattice EF T






QCD (+EW) describes nuclel

Can compute the mass of
any nucleus ... in principle

In practice: a hard problem

Multiple exponentially
difficult challenges

Physics at multiple scales

Noise: probabilistic method
so statistical uncertainty grows
exponentially with A

Contraction complexity grows factorially

Large nuclel are challenging, A=2,3,4 are feasible




QCD for Nuclear Physics

Quarks need to be tied together in all possible ways

= NuN4Ns!

N contractions

Managed using algorithmic trickery pwo e sovce Do e Frdes wo & Orgnes
GuUnther&Varnhorst]

Study up to N=7/2 pion systems, A=5/28 nuclel



AE (MeV)

Light nuclel

Light hypernuclear spectrum @ 800 MeV
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See also talks In previous session

[NPLQCD Phys.Rev. D87 (2013), 034506 ]



Heavy quark universe

[Barnea et al. 1311.4966 to appear in PRL]

Combining LQCD and nuclear EFT (pionless EFT)

For heavy quarks, even spectroscopy requires QCD matching:
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Equally important for matrix elements






External currents and nucle




Current-nucleus interaction

Born approximation — interacts with a single
nucleon

o ~ |A(N|JIN)[*




Current-nucleus interaction

Born approximation — interacts with a single
nucleon

o ~ |AAN]J|N)*

known from expt/LQCD




Current-nucleus interaction

Born approximation — interacts with a single
nucleon

o ~ |AAN]J|N)*

known from expt/LQCD

—D4—>
N N

Interact non-trivially with multiple nucleons

o~ |A(N|JIN)+a (NN|J|NN) +...|?




Current-nucleus interaction

Born approximation — interacts with a single
nucleon

o ~ |AAN]J|N)*

known from expt/LQCD

Interact non-trivially with multiple nucleons

o~ |A (N|JIN)+a (NN|J|NN) +...|?

unknown/poorly known!




Current-nucleus interaction

Born approximation — interacts with a single
nucleon

o ~ |AAN]J|N)*

known from expt/LQCD

—D4—>
N

Interact non-trivially with multiple nucleons

o~ |A (N|JIN)+a (NN|J|NN) +...|?
unknown/poorly known!

Second term may be significant

May shift cross sections

May scale differently with Z and A

Leads to significant uncertainty o




Nuclear matrix elements

For deeply bound nuclel, use the techniques as for single hadron
matrix elements

permutations

3 pt function 2 pt function

At large separations gives ground-state matrix element of current

For near threshold states and scattering states need to be careful
with volume effects

Calculations of matrix elements of currents in light nucler just
beginning for A<5



Perturbatively interacting multi-hadron systems
WD & M Flynn arXiv:1412.3895 ] '

External current (no momentum injection) ——
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(previous calculation with HWV Lin for <x> operator)



Background field method

Hadron/nuclear two-point functions are
modified in presence of fixed eternal fields

Fo: fixed B field: modified exponential behaviour

B
EB) = M + ‘Q;W’ ~ 4B

— 27’(’5]\/_[0 ‘B|2 — 27T5M2Tz'jBiBj -+ ...

QCD spectroscopy with multiple fields enable
extraction of coefficients of response

Eg: magnetic moments, polarisabllities, ...

Not restricted to simple EM fields (axial,
twist-2,...)



Nuclear magnetic moments

R(B)
SR=EN

Magnetic moments from spin splittings

R(B)
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correlation functions
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[INPLQCD 1409.3556, PRL to appear]



Nuclear magnetic moments

\ Energy shift vs B - B
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Nuclear magnetic moments

Energy shift vs B 5
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Nuclear magnetic moments

Numerical values are surprisingly

Interesting 4r D A
Shell model expectations g |
I ; |
Hd = fp + tn s | A
H3H = Hp s -
0
H3He = HUn |
[Py I " *He |
e QCD @ my = 800 MeV
3H —————————— Experiment
e, I
neavy quark nucler are shell-model
||<e| -1.98(1 3.21(3 1.22(4)(9) -2.29(3)(12) 3.56(5)(18)

In units of appropriate nuclear magnetons (heavy Mn)
[INPLQCD 1409.3556, PRL to appear]



Nuclear magnetic moments

Numerical values are surprisingly 47
Interesting *
04+~
Shell model expectations 020 RS ]
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Difference from NSM expectation
[INPLQCD 1409.3556, PRL to appear]



One possible DM interaction is through scalar exchange

Accessible via Feynman-Hellman theorem

At hadronic/nuclear level

1 1
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Contributions:
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Previous work suggested scalar dark matter couplings to nuclel
have O(50%) uncertainty arising from MECS [Prezeau et al 2003)

Quark mass dependence of nuclear binding energies bounds
such contributions

(Z,N(gs)| uu + dd|Z, N(gs)) 1 m, d
00zZN = — = -1 == Bz N
’ A (N| uu + dd|N) Aoy 2 dm, =

Lattice calculations + physical point suggest such
contributions are O(10%) or less for light nuclel (A<4)
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[NPLOQCD PRD to appear]




Nuclel are under serious study directly from QCD

Spectroscopy of light nuclel and exotic nuclel (strange,

charmed, ...)
Nuclear properties/matrix elements

Prospect of a quantitative connection to QCD
makes this a very excrting time for nuclear physics

Critical role in current and upcoming intensity
frontier experimental program

Learn many interesting things about nuclear
physics along the way
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